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We propose the design of low strained and energetically favourable mono and bilayer graphene
overlayer on anatase TiO2 (001) surface and examined the electronic structure of the interface with
the aid of the first principles calculations. In the absence of hybridization between surface TiO2
and graphene states, dipolar fluctuations govern the minor charge transfer across the interface. As
a consequence both the substrate and the overlayer maintain their pristine electronic structure.
The interface with monolayer graphene retains its gapless linear band dispersion irrespective of the
induced epitaxial strain. The potential gradient opens up a few meV bandgap in the case of Bernal
stacking and strengthens the interpenetration of the Dirac cones in the case of hexagonal stacking
of the bilayer graphene. The difference between the macroscopic average potential of the TiO2 and
graphene layer(s) in the heterostructure lie in the range 3 to 3.13 eV which is very close to the TiO2
bandgap of 3.2 eV. Therefore, the proposed heterostructure will exhibit enhanced photo-induced
charge transfer and the graphene component of it serves as a visible light sensitizer. Together these
two phenomena make the heterostructure promising for photovoltaic applications.
I. INTRODUCTION
Owing to superior carrier mobility, large surface
area, high strength and unique electronic properties,
graphene has been extensively investigated for fabricat-
ing nanocomposites with semiconducting materials such
as TiO2, ZnO and SnO2, etc. [1–8]. The resultant het-
erostructures show better efficiency in photocatalysis and
photovoltaics applications due to enhanced charge carrier
separation and shift in the absorbance spectra to visible
region [3, 5, 9–12]. Among the semiconductors, anatase
TiO2 is still the most preferred material for photocat-
alytic and photovoltaic applications due to its chemi-
cal stability, greater photo-corrosion resistance, and suit-
able electronic band edge positions [13–15]. There-
fore, the electronic structure study of the graphene-TiO2
(G/TiO2) interface holds significance from both funda-
mental and applied perspectives.
Functionalization of monolayer or bilayer graphene
is also equally significant from the application point
of view[16, 17]. For example, inducing a bandgap in
this zero bandgap semiconductor has remained an open
issue[18–20]. In the present context, the bandgap open-
ing is important for effective absorption of light, which
may help in photocatalytic/photovoltaic applications. In
fact, there are a number of first principle electronic
structure calculations that have reported graphene as an
overlayer on anatase TiO2(001) surface leads to a finite
bandgap of 0.45−0.65 eV [21–23]. Interestingly, similar
calculations report that the graphene does not exhibit
any bandgap when it becomes an overlayer on other sur-
faces such as anatase(101)[24, 25] and rutile(110) [26–
28]. Therefore, it raises two valid possibilities. Firstly,
the anatase(001) surface may be inducing large epitax-
ial strain on the graphene layer as through effective pi-
band model. Theoretically, it is reported that a band
gap opens up when a monolayer graphene is uniaxially
strained along the zigzag direction with a strain above
26% [29], or with the application of a shear strain above
16% [30]. Also, it is reported that an anisotropic strain
with a combination of a -20% compression in the arm-
chair direction and 11% stretching in the zigzag direc-
tion can yield a bandgap in graphene [31]. Secondly,
there may be strong chemical bonding between graphene
and TiO2 which lead to breakdown of the characteristics
Dirac pi bands.
Furthermore, the charge transfer mechanism at the
graphene-anatase TiO2 (G/A(001)) interface remains a
matter of intense investigation because of its influence on
potential applications in the area of photocatalytic and
photovoltaic processes [6, 16, 19, 25, 32]. An experimen-
tal photoluminescence (PL) spectroscopy study carried
out on a multilayer of hybrid films made up of alter-
nate graphene and titania nanosheets has reported that
the transfer of photo-excited electrons from graphene to
titania layers is faster than the average excited state car-
rier lifetime for graphene with measured electron trans-
fer time scales of the order of 200−250 fs[5]. This ob-
servation is also supported theoretically, in the case of
graphene/rutile(110) interface, using non-adiabatic MD
(NAMD) simulations where the photoexcited electron
transfer is reported to be several times faster than the
electron-phonon energy relaxations[27]. Similar results
on charge transfer from C-p to Ti-3d states have also
been reported for G/A(101)[18, 24, 25] and G/R(110)
interfaces [26, 28]. Irrespective of the orientation of the
surface, it is expected that similar kind of charge trans-
fer should occur for G/A(001) interface as well. However,
it is reported that the charge transfer takes place from
anatase (001) surface to graphene [21, 22].
In the present study, the electronic structure and sta-
bility of the anatase TiO2 (001)- graphene interface is ex-
amined through density functional calculations, and an
energetically favorable low strained graphene overlayer is
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2proposed. The analysis of the electronic structure reveals
that in the absence of chemical bonding, the heterostruc-
ture is stabilized through van der Waals interaction and
as a consequence, both the substrate and the overlayer re-
tain their pristine electronic structure. The dipolar fluc-
tuation is also responsible for minor charge transfer just
across the interface and in the case of bilayer graphene,
it leads to a potential gradient between the upper and
lower carbon layers. This results in opening up a narrow
bandgap to the tune of ∼ 80 meV in the case AB stacked
bilayer graphene. The difference in macroscopic poten-
tial average across the graphene and TiO2 is found to be
close to the bandgap of TiO2 which makes the graphene
Dirac point to be in resonance with the TiO2 conduction
band. This felicitates the photo-induced charge trans-
fer and makes the heterostructure promising for photo-
voltaic applications. The earlier report of wide band gap
opening in G/A(001) interface[21–23] is reexamined and
through a detailed analysis of the band dispersion in the
full Brillouin zone reveals that a monolayer graphene as
an overlayer cannot open a bandgap irrespective of the
strain induced by the host TiO2.
II. METHODOLOGY AND COMPUTATIONAL
DETAILS
The ab initio electronic structure calculations are
performed using plane wave based pseudopotential ap-
proximations and PBE-GGA exchange-correlation func-
tional as implemented in Quantum Espresso [33]. The
ion-electron interactions are expressed through ultrasoft
pseudopotential. The electron wave functions are ex-
panded using plane-wave basis sets with a kinetic en-
ergy cutoff of 30 Ry and an augmented charge density
cutoff of 300 Ry. The dispersion corrections have been
included through the semi-empirical Grimme-D2 van der
Waal’s correction[34]. The calculated lattice parameters
of anatase in bulk phase are a = 3.794 A˚, c = 9.754
A˚ which agree well with the previously reported experi-
mental and theoretical values [35–37]. The anatase (001)
surface is created using slab geometry with four TiO2 lay-
ers (thickness ∼ 8.5A˚) which is observed to be sufficiently
thick enough[21, 37] and a 15 A˚ vacuum along the out-of-
plane direction. The optimizations are performed using a
4×4×1 Monkhorst-Pack k-mesh with force convergence
criteria set to be 0.025 eV/A˚. During the relaxation, only
the upper two layers are allowed to move freely, whereas
the atoms in the bottom two layers are fixed to their bulk
positions. For the electronic structure calculation, the
Brillouin zone integration is carried out on a finer grid of
8× 8× 1 k-mesh. To calculate the electronic structure of
pristine and strained graphene unit cell, a denser k-mesh
of 60× 60× 1 is considered as it is found that the Dirac
point is very sensitive to the strain and identification of
it requires a finer k-mesh. The structural models and
iso-surface charge density plots are made using VESTA
[38]. To achieve an accurate prediction of band crossing
at the G/A(001) interface, an appropriate k-mesh around
the energy minima is estimated and then the energy di-
agonalization is carried out at those points, from which,
k-path is figured out and are taken into account during
the band structure calculation.
The average strain induced on the graphene overlayer
due to the lattice mismatch with the surface TiO2 is es-
timated as [39, 40]
¯ =
√
2xx + 
2
yy + xyyy + 
2
xy
4
, (1)
where xx, yy, and xy are the components of the 2D
strain tensor. These components are expressed through
primitive surface lattice vectors (a1,x, a1,y) and (a2,x and
a2,y) of TiO2 and primitive lattice vectors of graphene
(b1,x, b1,y), and (b2,x, b2,y) as follows.
xx =
a1,x − b1,x
b1,x
, yy =
a1,y − b1,y
b1,y
,
xy =
1
2
b2,xa1,x − b1,xa2,x
a1,xa2,y
(2)
The binding between the graphene layer and A(001)
surface is quantitatively measured through the adhesion
energy given by the following expression.
Ead = EG/A(001) − EA(001) − EG, (3)
where, EG/A(001) is the total energy of the optimized
G/A(001) composite. EA(001) and EG represent the total
energy of pristine A(001) surface and the graphene layer,
respectively.
The other way to analyse the interaction between
graphene and the A(001) surface is through the charge
redistribution that takes place across the interface. It
is measured through the three-dimensional charge den-
sity difference of G/A(001) composite estimated by the
following formula.
∆ρ(r) = ρG/A(001)(r)− ρA(001)(r)− ρG(r), (4)
where, ρG/A(001) represents the charge density of
G/A(001) composite; while ρA(001) and ρG represent the
charge densities of pristine A(001) surface and graphene
layer, respectively.
III. RESULTS AND DISCUSSIONS
A. Design of G/A(001) interface
The key to design a low-strain G/A(001) interface lies
in patterning the graphene layer on TiO2(001) surface
as shown in Fig. 1. In the conventional method, as fol-
lowed in earlier works [21–23], a rectangular unit cell is
created out of the regular hexagonal graphene unit as
shown in Fig. 1 (b). A supercell of desired size to com-
mensurate with the A(001) surface is then created out
3FIG. 1. Construction of the interface between anatase TiO2 (001) surface and graphene. (a) A 4×2 A(001) slab with in-plane
lattice translation vectors ( ~a1 and ~a2); (b) transformation of graphene unit cell from hexagonal to rectangular cell; (c) the
composite structure G/A(001) interface for which the strain values on graphene are +2.82 % and -10.94 % along xˆ and yˆ-
directions, respectively. The rectangular unitcell of graphene is used in the previous works[21, 23] or in the design of G/R(110)
interface[26, 28]. (d) The coherent lattice vectors for A(001) surface for which angle is 63.43◦ with a supercell size of 2
√
5× 2
having 24 Ti and 48 O atoms in a four layered TiO2 slab. (e) Rotation of graphene unit cell from 60
◦ to 63.4◦. (f) The
optimized structure of graphene layer with a supercell size of 7 × 3 on the A(001) surface. The average strain in this case is
calculated to be ∼ 1.54%.
of this unit cell and laid over the TiO2 surface to create
the composite structure (Fig. 1(c)). However, the lattice
matching needs strain to be applied along the zigzag and
armchair directions of the graphene layer. The magni-
tude of the strain depends on the size of the surface area.
A Similar formalism has been considered for G/R(110)
interface[26, 28].
In this section, we present a scheme to define various
low strained interfaces by designing new commensurate
unit cells for the graphene layer whose vectors are given
as: (
~a1
~a2
)
=
(
ma na
0 2a
)(
xˆ
yˆ
)
(5)
where, a is the lattice parameter of A(001) slab in the
xy-plane, m and n are integers, Θ = ^ ~a1 ~a2. Depending
on the values of m and n, the angle (Θ) between the
lattice vectors ~a1 and ~a2 of A(001) surface varies. Few
selected (m, n) pairs and corresponding Θ are listed in
Table I. The table also lists the size of commensurate
TiO2 surface unit cells, size of the graphene supercell,
total number of atoms in the composite considering a
four layers of TiO2 slab, the lattice mismatch, average
strain as obtained from Eq. 1. The vector ~a2 is fixed
with a length of 2a (= 7.59A˚) as that accommodates
almost three primitive unitcells of graphene (3agraphene
= 7.38A˚) and the lattice mismatch is ∼ 2.82 %. For
the case of Θ = 90◦, we show that by simply increasing
the surface area, one can reduce the average strain as it
gives the flexibility to find out an ideal supercell of the
rectangular graphene unit so that a matching area of the
graphene can be obtained. However, despite there is a
good matching among the supercell, the local strain at
the unitcell range will persist. Furthermore, large surface
area leads to large number of atoms in the composite
structural unit, which in turn makes it computationally
very expensive.
We examined several possible values of Θ and found
that the case of Θ= 63.4◦ represent minimum lattice mis-
match of 1.54 %. The other designs are presented in the
Appendix A. Also, the composite unit with Θ = 63.4◦
forms a natural construct for graphene as it is close to
angle between the primitive lattice vectors of the pristine
graphene. The resultant G/A(001) interface is shown in
4TABLE I. The unit cell construction: The commensurate unit cell between A(001) surface and graphene layer along with the
lattice mismatch. The negative and positive signs in lattice mismatch stand for compression and elongation of graphene. Here,
we have considered a four layered TiO2 slab.
m n Angle A(001) Graphene Total no. Lattice mismatch Strain Ead
Θ(◦) supercell supercell of atoms x (%) y (%) (¯) (eV/C atom)
4 0 90 4× 2 6× 2a 144 +2.82 -10.94 4.59 -0.041
4 0 90 4× 8 6× 7a 552 +2.82 +1.78
6 0 90 6× 6 9× 5a 612 +2.82 +6.87
5 2 68
√
26* × 2 7× 3 168 -0.01 +6.98 7.29 -0.033
4 2 63.4 2
√
5× 2 7× 3b 138 +1.78 +2.84 1.54 -0.049
√
26* = (5a1,x, 1a1,y)
arectangular graphene unit cell with lattice parameters ~b1 = 2.46 A˚ and ~b2 = 4.26 A˚.
bhexagonal graphene unit cell with lattice parameter ~b = 2.46 A˚.
Fig. 1(f). In addition to the applied strain, stability plays
a major role in forming the interface. In the case of het-
erostructures, the stability is estimated through the ad-
hesion energy calculation as given in the Eq. 3. We find
that the adhesion strength of the proposed low strained
interface is better than the conventional designs.
B. Electronic structure of the low strained
G/A(001) interface
The electronic structure of the low strained G/A(001)
interface is examined through calculation of the band dis-
persion, densities of the states (DOS), charge transfer
across the interface and average potentials. The bands
and DOS are shown in Fig. 2. The band structure of
the heterostructure (Fig. 2(a)) is found to be almost a
superposition of the band structures of TiO2 slab (Fig.
2(b)) and the isolated strained graphene layer (Fig. 2(c)).
Therefore, we draw the following two important conclu-
sions. Firstly, the Dirac band dispersion is unperturbed
due to the formation of the interface. Secondly, the chem-
ical bonding is either negligible or absent and hence, most
likely the van der Waal interactions emerging out of the
fluctuating dipoles stabilize the interface. To examine the
effect of strain on the graphene, we compared its band
structure with that of the pristine graphene calculated
using a 7×3 supercell (see Fig. 2(d)). The down-folding
of the bands with the shrink in the Brillouin Zone leads
to a shift in the Dirac point and now it lies along the
path Γ-X. The strain, which is compressive along one of
the lattice vector and expansive along the other, brings
the Dirac point more close to X. This is likely due to
strengthening of the pz-pz bond along one direction and
weakening along the other. Figure 2(e) shows the iso-
contours of the band on the kx-ky plane showing Λ1 and
Λ2 forming two Dirac valleys as K and K
′ in the conven-
tional hexagonal unit cell.
The interface phenomena is further examined by cal-
culating the charge transfer across the interface. Figure
3(b) presents the planar-averaged charge density differ-
ence along the slab direction Z. The observations made
from this figure are as follows. First, the inner layers
of the TiO2 slab hardly take part in the interaction and
the charge redistribution takes place at the G/A(001) in-
terfacial region. Second, it shows that the electrons are
transferred from the graphene layer to the TiO2 (001)
surface which is opposite to what the earlier works on
G/A(001) reported [21–23]. But this observation is in
line with the previous works carried out for G/A(101)
[25] and G/R(110) [25, 27] interfaces. Third, the magni-
tude of charge transfer is small (of the order 10−4 e/A˚3)
which further reconfirms the absence of ionic or chemical
bonding, and only a weak van der Waal coupling stabi-
lizes between the G and A(001) surface. For getting a
clear picture of this interfacial charge transfer, we have
plotted the three-dimensional charge density difference
calculated using Eq. 4 in Fig. 3(b). The yellow and cyan
color lobes represent the charge accumulation and deple-
tion regions respectively. It is clearly observed that the
interaction between C-p and O-p states occur through pz
orbitals.
C. Electronic Structure of the Reported
Composites: The missing Dirac Point
While we proposed a low strained interface where no
bandgap emerges, there are earlier literature reporting
a bandgap as large as 0.59 eV in the G/A(001) inter-
face [21–23]. Therefore, it is prudent to examine if a
bandgap can be opened in the G/A(001) interface. For
this purpose, we have taken the example of the interface
proposed by Gao et al.[21] which is designed out of a su-
percell of size 14.95× 14.87× 26.13 A˚3. In terms of unit
cells, it is formed out of a 7 × 6 graphene layer and a
four layered thick 4 × 4 A(001) surface. The structure
is further relaxed. However, to be consistent with the
reported configuration, during the structural relaxation
the bottom two layers are kept fixed and the graphene
layer is maintained at a distance of 2.85 A˚ from the top of
A(001) surface. Figure 4 (a) and (b) shows the optimized
structure of the G/A(001) interface. The graphene layer
is strained as the C−C bond length increases to 1.47 A˚
and 1.44 A˚ along the zigzag and armchair directions, re-
spectively. Whereas in TiO2, the equatorial Ti−O bond
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FIG. 2. (a)The band structure and the total density of states (DOS) along with the partial DOS of Ti-d, O-p and C-p orbitals
at G/A(001) interface and (b) isolated A(001) slab. The total DOS is shown in gray shaded region. (c) The band structure
of isolated graphene layer same as that of G/A(001) composite and (d) the band structure of a pristine 7× 3 graphene layer.
(e) The contour indicating a pair of low-energy Dirac cones at Λ1 and Λ2, whereas the other direction represent high-energy
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FIG. 3. (a) The planar-averaged differential charge density
∆ρ(z) for the G/A(001), and (b) the 3D charge density differ-
ence plot for the G/A(001) calculated using Eq. 4. The yellow
and cyan colors represent the charge accumulation and deple-
tion regions, respectively. The iso-value is set to be 6× 10−4
e/A˚3.
is elongated on one side (2.11 A˚) and compressed on the
other (1.76 A˚) as compared to the bulk value of 1.79 A˚.
The Brillouin zone (BZ) of the corresponding structure is
shown in Fig. 4 (c). The Bulk BZ is artificial as the pe-
riodicity along (001) includes the slab plus the vacuum
periodicity along mapping of bulk to surface Brillouin
zone (BZ) and the high symmetry (HS) points in the
reciprocal space for the G/A(001) is shown in Fig. 4 (c).
In Figure 4(d), we have shown the band structure along
the k− path (see the green lines in Fig. 4(c)) used in the
earlier study[21] and the band dispersion is very well re-
produced and it gives a band gap of 0.59 eV. However,
when a system is strained anisotropically, the geometry
of the direct lattice space and hence the reciprocal space
changes and in such cases, the paths connecting the high
symmetry points not necessarily reveal the salient fea-
tures of the band structure. Therefore, scanning the
eigenstates in the entire Brillouin zone is needed and
therefore, examining the densities of states (DOS) is a
right approach. In Fig. 4 (e), we have shown the total
DOS and it yields a zero bandgap. The calculation of
partial DOS suggests that in the vicinity of the Fermi
level, while the C-p states constitute the valence bands,
both C-p and Ti-d states form the conduction band.
A concrete understanding of the band structure re-
quires the examination of top of valence and bottom of
conduction band and the orbital composition. Specifi-
cally, it is crucial to examine whether the graphene has
lost its Dirac bands and the bands are now altered due to
covalent interaction and/or the charge transfer with the
host TiO2 layer. For this we scanned the points around
the high symmetry point X. This is because, if we con-
sider a rectangular unit cell for graphene as shown in Fig.
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graphene layer (same graphene layer as in the G/A(001) composite, but with A(001) slab removed) respectively. (i) The
3D-band structure of the isolated graphene layer in the vicinity of the Dirac point. The Dirac cone is formed at two points X ′
and X ′′.
1(b) instead of the original hexagonal unitcell (Fig. 1(e)),
the Dirac bands touch each other at X. Figure 4(f) indeed
shows that there are two pair of linear bands crossing
each other at X′ and X′′ close to X, and resembles to that
of a pristine graphene. In addition, there are a bunch of
nearly non-dispersive bands below and above the Fermi
level separated by a large gap. Further to identify the
bands predominated by the C-p states, we constructed
a hypothetical structure where we retained the strained
graphene layer and removed the TiO2 slab of the compos-
ite. The resulted total DOS and band structure is shown
in Fig. 4 (g) and (h). It is almost identical to the band
structure of composite ignoring the non-dispersive bands.
This infers that there is a negligible covalent bonding be-
tween the host TiO2 and the graphene overlayer. De-
spite large strain, the latter retains its Dirac cone as can
be seen from the band structure plotted on the kx − ky-
plane around X. Later we have explained why strain alone
cannot open a bandgap in G/A(001) interface when the
graphene is monolayer.
D. Bilayer graphene on A(001) surface
Often it is easy to experimentally synthesize multilayer
graphene which are also equally promising like the mono-
layer graphene for applications. Therefore, in this section
we will examine the interfacial electronic structure of bi-
layer graphene, both with Bernal (AB) and hexagonal
(AA) stacking, grown on the A(001) surface. The op-
timized structures and the resulted electronic structures
are shown in Fig. 5. In the case of AB (AA) stacking,
separation between the A(001) surface and the BLG is
found to be 2.95 A˚ (2.92 A˚), while the separation among
the carbon layers is measured as 3.29 A˚ (3.51 A˚) which is
nearly same as in the case of freestanding BLG[41]. The
bilayer overlayer is found to be stable and the binding
energies are calculated to be -1.64 and -1.63 eV for the
AB and AA stacking, respectively.
To understand the interaction among the bilayer
graphene and TiO2 surface, we have plotted the band
structure of the heterostructures and compared with that
of the pristine bilayer supercell as shown in Fig. 5(b-e).
In the case of pristine system, the AA stacking shows in-
terpenetrating of Dirac cones and the AB stacking gives
rise to a zero bandgap semiconductor with parabolic con-
duction and valence bands touching each other at the
Dirac point[41]. As in the case of monolayer graphene,
in the present case also, the interfacial electronic struc-
ture is simply a combination of the electronic structure of
TiO2 and graphene. The electronic structure formed by
the graphene overlayer resembles to that of the pristine
bilayer graphene.
In Figure 6, we estimated the charge transfer across the
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interface for the case of AB stacking, and found that the
weak charge transfer, purely governed by the dipole fluc-
tuations, occurs only between the bottom graphene layer
and the surface layer of TiO2. The induced dipolar field
breaks the symmetry between the two graphene layers by
creating a potential difference between them[42]. Both
the substrate induced strain and the potential difference
affect the band structure of the BLG in the vicinity of
the Fermi surface as can be seen from the inset of Fig.
5(d). There are two pair of parabolic bands occupying
the Fermi surface. The small hump in the conduction
band and dip in the valence band at the high-symmetry
point X is the result of the dipolar field and it leads to for-
mation of a very small bandgap (∼ 80 meV). The charge
transfer in the case of AA stacked bilayer graphene is
nearly identical to the case of AB stacking and hence not
shown here. However, since the electric field does not
affect the linear dispersion of the bands in the AA bi-
layer graphene, the interpenetration of the Dirac cones
remains unaffected as can be seen from Fig. 5(b).
The heterojunction potential leading to the band-offset
between graphene and TiO2 surface is examined by esti-
mating the macroscopic average of the electrostatic po-
tential as shown in Fig. 7 (a) and (b). The TiO2 surface
lies at a higher electrostatic potential than the monolayer
as well as bilayer graphene. The potential difference is
calculated to be 3.04 eV and 3.13 eV for mono and bilayer
graphene, respectively. A schematic of the charge trans-
fer process at the G/TiO2 surface is presented in Fig. 7
(c). As the G/A(001) interface is a zero band gap system,
it can absorb all wavelengths of light. When visible light
incidents, electrons are excited in the graphene layer.
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FIG. 7. The planar average (blue lines) and macroscopic average (black lines) of the electrostatic potential for the G/A(001)
heterostructure with (a) monolayer and (b) AB-stacked bilayer graphene overlayer along the normal z-direction. (c) A schematic
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These excited electrons are in resonance with the TiO2
conduction band and can move easily from C-p states
to the Ti-d states in the conduction band. In this way,
graphene acts as a visible light sensitizer as well as charge
separator. A similar charge transfer mechanism has been
reported for the interface formed out of graphene over-
layer on rutile (110) and anatase (101) surface[25–27].
E. Effect of Strain
In the absence of a chemical bonding between the sub-
strate and the graphene overlayer, the root question,
now we need to address is that can strain alone open a
bandgap in monolayer graphene? The theoretical model
proposed earlier suggests that one can open a bandgap
beyond ∼ 26% along zigzag direction[29] or with a shear
strain of ∼ 16% [43]. However, the model was restricted
to the pi-bands as generally it has been assumed that elec-
tronic structure of graphene is governed by the pi-band
and planar σ-bands has largely contribute towards the
structural stability. In one the report, it has been found
that defects and disorder can bring the σ states close to
the Fermi surface[30].
The strain can be applied both along armchair and
zigzag direction. However, it has been conclusively shown
that the strain along the armchair direction does not
open a gap [28–30]. Therefore, in this section we will
represent the electronic structure of graphene with strain
applied along the zigzag direction.
As a result of the applied strain, the lattice parameters
gets modified as a′i = I(1+)·ai, where I is the 2 × 2
unitary matrix, ai the unstrained lattice vector, and 
is the strain parameter[44]. The associated reciprocal
lattice vectors bi gets modified as b
′
i = (I+ )
−1·bi.
The evolution of the band structure with increasing 
is shown in Fig. 8. With strain, the linear dispersion of
the pi- bands do not change. However, the point of cross-
ing (Dirac point) of these bands gradually shifts. With
strain, the points K′ and K′′ gradually move towards M
and M′. With strain, while K ′ no longer remains as a
Dirac point as a gap opens up at this point. The Dirac
points earlier located at K and K′′ are now shifted to-
wards M and M′. Beyond  = 0.28, a narrow bandgap
opens up between the pi and pi∗. The lower σ∗ band (red
curve) which was lying far above the Fermi level is grad-
ually pushed down with strain and above  = 0.28, it
crosses the Fermi level at M and M′ and therefore, there
is no real bandgap in the system[30].
IV. CONCLUSION
To summarize and conclude, we have examined the
interfacial electronic structure for the anatase TiO2-
graphene heterostructure grown along the (001) direction
and proposed a low-strained and energetically favourable
orientation for the graphene overlayer. In this design,
the graphene almost retains the natural angle of pi/3 be-
tween its two lattice vectors. In the absence of covalent
bonding and ionic charge transfer, van der Waal inter-
actions stabilizes the system. For the case of monolayer
graphene, the electronic structure of the heterostructure
is found to be a combination of the electronic structure
of free TiO2 and free graphene. Contrary to earlier re-
ports the monolayer graphene(MLG) does not open a
gap and the linear dispersion with the Dirac cones are
maintained. We attributed this to the fact that in the
absence of covalent bonding, the epitaxial strain induced
by TiO2 cannot open a bandgap in the MLG. The bilayer
graphene (BLG) as overlayer reconstruct the Fermi sur-
face. In this case, as dipolar fluctuation led charge trans-
fer exists only between the surface of TiO2 and bottom
layer of the BLG, an electrostatic potential gradient is
induced between the graphene layers. Both the epitaxial
strain and the potential gradient are capable of creating
a bandgap (∼ 80 meV) in the AB stacked BLG overlayer.
Both MLG and BLG as provide an excellent platform for
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photoinduced charge transfer from graphene to TiO2 as
the average potential difference between them is in the
range 3.0 to 3.13 eV which is close to the TiO2 bandgap
of 3.2 eV. Therefore, anatase TiO2(001)- graphene het-
erostructure is promising for photovoltaic applications.
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Appendix A: Design of G/A(001) interface as a
function of G overlayer
As mentioned in the main text, by aligning the
graphene overlayer at different angles (such as 90◦and
68.19◦) governed through m and n values of Eq. 5, we
have created new commensurate unit cells as shown in
Fig. 9. For Θ = 90◦, the overlayer design is same as
that of the rectangular pattern of graphene as shown in
Fig. 1(a-c) of the main-text. The separation between
the TiO2 slab and graphene for this case is calculated to
be 2.90A˚(see Fig. 9 (a) and (b)). The average value of
strain calculated using Eq. 1 and the adhesion energy us-
ing Eq. 3 for this interface is estimated to be 4.6 % and
-0.04 eV/C respectively. Similarly, for Θ = 68.19◦ the
graphene overlayer lies at distance of ∼ 3A˚ from the top
of TiO2 slab (Fig. 9 (c) and (d))). The interfacial average
strain is ∼ 7.2 % and the adhesion energy of -0.03 eV/C.
The electronic structure and PDOS in both the overlayer
patterns show that the graphene retains its Dirac cone
nature (Fig. 9 (b) and (d)). The band re-positioning
is due to the different strain values applied on graphene
overlayer. The analysis follows as that discussed for Θ =
64.43◦ in the main-text.
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